
�����������
	�	��������������������������������	�����	 �"!�#�#"����$%��&'� (

)+*-,/.101,325460�798;:=<�8?>@ . @ <�AB:=0C4-DEAGF68;H�:B*

I6JBKML/NPO/JBQ�RTSVU9W�U X�U Y�Z\[
Z�]_^`NbadcdeMRgfhU=ijU�kml\Zmn1Z6cBO;oqpTcdKMcdJsrtkvu w9xykmz;U�{MZC[
[�Z
Y�ZC|~}����d�����+}'���������%�G���������
�j���'�d�����9�;���d}����������"�������B���s�=�G�����G�������y� ��� �B�
l\ZC|~}�� �d�����h}'���%�����%�G���������
�6¡t�B�G�\�¢� �;���d}'�M�������"�£¡t�G�B�\�q�G�=����¤¥�=��¦��`�¥��� �d�
n1Z�§9� }��d��}'�����M�G¨��%�G����������©��¥ª��d�
�B�\�d���"�¬«��¡�®6¯��±°g�d���²�=�¥³��
�=³G´d¤��`�¥��� �d�
{MZGµ;¶ �d�d·6�~��/��������¶/�1}����B�²§9� }��B�
}��������B¨��%�G�����������-¡t�G�B�\��� �;���d}'�M�������"�

¡t�G�B�\�¸�G�G�d��¤=�¥��¦����¥��� �d�

¹±�%	��d���º�»#����
	���&'�6��$%��¼��C�_�M���\���¾½��C���C�º���¾!�&"��¿����\	��
½`�\���M�6���M&±ÀB�%����&d	��\��!��C�\�
¼±��&��º�VÀ��V��	�Á
	�!�$¾�Â&�����$¾�Â&��Â$��M��	����Ã�M�»#�����#B�������Â�
	9���»	��\����&��y�\���������'Ä9¹~���C�������º�Å�Æ��!��9¿��Â��Ç�#B�M�Â&��Ã�����\�����C���C�º�Å�
!�&"��¿����\	��£��&�¼�	�����ÇT	���$%�-�M���\��$%#"�1	»�\�¬$��M�\�C�Â���M����È��-�\���Ã��¼��
�¾��	�Éd����¼y�\���������C���Å���M��$��M&�&�����Ä

ÊdË�ÌÎÍ"Ï_Ð�Ñ"ÒÔÓ£Õ ÖBÐ�×�Ò»Ï

Ø`Ù'Ú'Ù�OGÛ�ÜÞÝB]�ÛML/ÙjJBQ;K�Ù'e
ßBc�Û�NbJGO/K�NPO²Ú'JBKMà+JBÜbJBádÝsL;c�ßGÙ�Q�Ù'Ù�OâÙ�ã/Ú'Ù'Ù'o;NPO/áBÜÞÝ¸cdÚ'Ú�R/eMc�Û�Ù�K�R/Ú�L¸cdK
ä?pgå�æ�]Þç Z�èmé
Z cBO;o¸ê;e�Ù�ë1Q;NbáhQ_cBO/áìê�L=Ý K�NbÚ'K`L;cdK�K
ÛMcde
Û�Ù'ogÛ�JhQ�ÙjNPOGßGÙ'K
Û�NbáGc�Û�Ù'o3í�R;cBO=Û�NÞÛMc�Û�NÞßGÙ'ÜÞÝBî
ï�J¢ð�cdeqJBQ;K�Ù'e�ßdc�Û�NbJGO;cdÜVe�Ù'KMR/ÜÞÛ�K¸Q¥Ýòñ�óÆô�õöÙ�Û�Údî÷KMR/ê;ê�JBe
ÛâÛML/ÙøNPO�ù_c�Û�NbJGO?KMÚ'Ù�O;cde�NbJ�úEûyL/NbK
K�Ú'Ù�O�cde�NbJgNbKtQ»Ù'ÜbNbÙ�ßGÙ'oüÛ�JgK�JBÜÞßGÙ+ÛML/Ùìù_c�ÛMO;Ù'K�KtcBO/o5L/JBe�Nbý'JGOþê�e�JBQ;ÜbÙ�àÿNPOücqK�NPà+ê;ÜbÙìà+cBO;O/Ù'e�î
^�J��¾Ù�ßGÙ'e']ÔNPO¸ß�NbÙ�� JBð ÛML/Ù���Ù'ÜboqÛML;Ù'JBe
ÝgàhJ o;Ù'Ü�];ÛML/ÙVðvJBeMàöJBðÃÛML/ÙÆê�JdÛ�Ù�O=Û�NPcdÜ9JBðÃÛML/Ù���Ú�Û�NbJGR/K
K�Ú�cdÜPcdeìê_cde
Û�NbÚ'ÜbÙâÚ�cdÜbÜbÙ'o���NPO/ù_c�Û�JGO��3NbKVßGÙ'e�Ý5R;O;O;c�ÛMR;eMcdÜ�cBO/o�ê�Ù'Ú�R/ÜbNPcde'î ûyL;c�Û~NbKVÝGÙ�Û~Û�J Q»Ù
NPO=ßGÙ'K
Û�NbáGc�Û�Ù'oÔî	
OüÛML/NbK~ê�cdê�Ù'e']ÃäþÙ²K�L;cdÜbÜ�ê�e�Ù'K�Ù�O=Û~c àhJ o;Ù'Ü-JBð%ÛML;Ù
��Ú�Ý�Ú'ÜbNbÚqR;O/NÞßGÙ'e�KMÙ��� Z����
Z ÛML;c�ÛìÚ�cBO
Q�ÙìÚ'JGO/K
Û�e�R/Ú�Û�Ù'oüJGO/ÜÞÝøQ¥ÝþcdK�KMR;à+NPO/á¸cgàhNPO;NPà+cdÜÃK�Ù�ÛVJBð¾ê;e�JBê�Ù'e
Û�NbÙ'KVJBð¬K�Û�e�NPO/á¸ÛML/Ù'JBe�ÝBîâäþÙ
Ú'ÜPcde�NbðvÝTJGR;ejß NbÙ��yê�JBNPO=Û�JBð-ÛML/Ù±Ú�Ý Ú'ÜbNbÚâR;O/NÞßGÙ'e�K�Ù~cBO/o3KML/J�� K�JGàhÙ~c�Û
Û�Ù�àhê;Û�KjÛ�Jsàâc�Û�Ù'ÜbNPcde�Nbý'Ù
ÛML/ÙVNbo;Ù�chcdK���Ù'ÜboqÛML/Ù'JBe�Ù�Û�NbÚ�cdÜÃà+cBO;O/Ù'e�î

û`L/Ù£Ú'JGOGÛ�Ù�O=Û�KÃcde�Ù£ÛML/Ù-ð�JBÜbÜbJ��`NPO/á�ú�	
OjK�Ù'Ú�Û�NbJGO��¥]�äþÙ�Q;e�NbÙ�ù;ÝjÙ�ã/ê;ÜPcdNPO�ÛML/Ù6Q�cdK�NbÚ6O/JdÛ�NbJGOVJBð
ÛML/Ù�K
Û�e�NPO/áyÛML/Ù'JBe
ÝVO/Ù'Ù'o�Ù'oVð�JBe R;O;o;Ù'e�K
ÛMcBO/o�NPO/á¾ÛML/Ù6Ú�Ý�Ú'ÜbNbÚ¾R;O/NÞßGÙ'e�K�Ù¬cBO/oVKMJGàhÙ-e�Ù'í�R/Nbe�Ù�à+Ù�OGÛ�K
Û�JøÛML;Ù¸Ú'JBKMàhJBÜbJBáBNbÚ�cdÜjàhJ o;Ù'Ü�î�	�O¢KMÙ'Ú�Û�NbJGO�� ]��¬ÙqÛ�eMcdÚ'ÙqQ�cdÚ�a�NPO Û�NPàhÙ¸ð�e�JGà ÛML/Ùqê;eMÙ'K�Ù�OGÛ
R;O;NÞßGÙ'e�K�Ù±Û�J²ÛML/ÙìàhJGàhÙ�O=Û`JBð�Q;Nbe
ÛML JBð-JGR/eÆR�O/NÞßGÙ'e�K�ÙdîÆ^�Ù'e�Ùd]�NPO3JGR/e�ß�NbÙ��Æ]ÔÛML/Ù±K�Nbý'ÙìJBð-ÛML/Ù
R;O;NÞßGÙ'e�K�Ùìcde�JGR;O/o3ÛML;ÙìQ;NbásQ�cBO/á¸àhJGà+Ù�OGÛ�NbKjÛML/ÙìJBe�o�Ù'e�JBð-ÛML/ÙìK
Û�eMNbá¸K�Ú�cdÜbÙdîìûyL¥R;K��¬ÙìÚ�cBO
ð�R/e
ÛML/Ù'e%áBJ+Q�cdÚMaqcBO/o¸eMÙ�cdÚ�L/Ù'K`ÛML/Ù�Q;NbáhÚ'e�R;O/Ú�LÔî-ûyL/Ù�Ú�Ý�Ú'ÜbNbÚtR;O/NÞßGÙ'eMK�ÙÆK�Ú'Ù�O;cdeMNbJhÚ'JGO/K�NbK
Û�K`JBð
e�Ù'ê�Ù�Û�NÞÛ�NbJGOøJBð�ÛML/ÙìQ;Nbá¸Q_cBO/áBKÆcBO/oþQ;Nbá¸Ú'e�R;O/Ú�L;Ù'K'î�	
O3K�Ù'Ú�Û�NbJGO
��]��¬Ù+Ù�ã�ê;ÜPcdNPOøÛML;c�Û'] NPO3ÛML/Ù
ê;eMJ¥Ú'Ù'K�KtJBð¾ÛML/NbK±e�Ù'ê�Ù�Û�NÞÛ�JGO�]ÃÛML/ÙâR;O;NÞßGÙ'e�K�ÙhK
Û�JBeMÙ'K±Ù�O=Û�e�JBê¥ÝücBO/o��»O;cdÜbÜÞÝþáGcdNPO/KtÛML/Ù+ê;eMÙ'K�Ù�OGÛ
o�c�Ý �ºKVÙ�O/JBeMàhJGR;K�ÜÞÝgL¥R;áBÙìÙ�OGÛ�e�JBê¥ÝBî!	�O K�Ù'Ú�Û�NbJGO#"¥]$�¬Ùìê;eMÙ'K�Ù�OGÛjßBcde�NbJGR/KÆc�Û
Û�Ù�à+ê/Û�KÆNPO JBe�o;Ù'e
Û�JheMÙ�cdÜbNbý'ÙVÚ�Ý�Ú'ÜbNbÚtR;O/NÞßGÙ'eMK�ÙÆê;NbÚ�ÛMR/eMÙÆcBO/oqê�JBNPOGÛ�JGR/ÛyK�JGàhÙjê;eMJBQ;ÜbÙ�àhK¾Û�JhJ"ßGÙ'e�Ú'JGàhÙdî
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å�KjNbK4�¾Ù'ÜbÜÃa O;J��`O�]�NPOgÛML/ÙtK�Û�e�NPO/áhÛML;Ù'JBe
ÝqÛML/Ù'e�Ù±Ù�ã/NbK
Û�K�ÛML/Ù±à+NPO/NPà+cdÜ K
Û�e�NPO/áâÜbÙ�O/ádÛML6587

JBð£ÛML;ÙtJBe�o�Ù'e�JBð (�9 Û�J¸àhNPO R/KyÛML/Nbe
Û1Ý¥ë\ÛML/e�Ù'Ù~Ú'Ù�O=Û�NÅëCàhÙ�Û�Ù'e�K�îjû`L/Ù±O;J�ßGÙ'ÜÃðvÙ�c�ÛMR;e�ÙtNbK�ÛML;c�ÛjÛML/Ù
:<; = ¼����
	�	»�M�Å�\���?> = #����Â�A@CBDBDE�F.G ��#d�M���\$%��&'����� �_�'��	�����	HF�IÃ�'���\�KJ &"��¿����\	��º����F�IÃ�'�M�\�MLNBDLMÁPODENB�@�FRQ��M#d�M&¥Ä:S:<; = ��	��¬Ç����UT��Â&��%�M�WVWT��
�'��$��?X�&d	����º�\!"�\� �Þ���ZY !���&'�\!�$5�_�'��	�����	�Ä



� µW[]\t�=ª��d�
�"�K\�[Þ¡~�d·6�d���B� ^`_6[Þ¯����_�d�~���G�
ê�cde�Û�NbÚ'ÜbÙ'KycBO/osÛML/Ù'Nbe�àâcdK�K�Ù'K�cdê;ê�Ù�cde¾ðveMJGà ÛML/ÙjJBK�Ú'NbÜbÜPc�Û�NbJGOgJBð ÛML/Ù�K
Û�e�NPO;á���L/NbÚ�LsNbK%NPO=Û�Ù'eMO;cdÜ
o;Ù'áBeMÙ'Ù'K`JBð£ð�e�Ù'Ù'o;JGàqî�a;eMJGà÷ÛML/NbK`ð�cdÚ�Û']�NÞÛ`NbK4�¬Ù'ÜbÜba�O/J��`OqÛML�c�ÛyÛML/Ù'e�ÙtÙ�ã�NbK�Û�K�cBO R/ê;ê�Ù'e%ÜbNPàhNÞÛ
JBð¾Û�Ù�à+ê»Ù'e�c�ÛMR/e�ÙdîgûyL;NbKVÜbNPàhNÞÛ�NPO;áqÛ�Ù�àhê�Ù'eMc�ÛMR;e�Ù+NbK±o;Ù'e�NÞßGÙ'o�Q=ÝþÚ'JGO;K�Nbo;Ù'e�NPO/áTÛML/Ùâê�cde
Û�NÞÛ�NbJGO
ð�R;O/Ú�Û�NbJGO�]

b�ced�fhgjilkm nRoqp�r�sut�p2v*r�wHxzy c<� î ( f
ûyL;NbK%Ù'í R;c�Û�NbJGOgàhÙ�cBO/K¬ÛML/Ù�o;Ù�O;K�NÞÛ1ÝsJBð�ÛML/ÙÆO R;à±Q�Ù'e�JBð K
ÛMc�Û�Ù'K|{~}C����c o f¬NPO²ÛML/ÙÆà+cdKMK¬KMê»Ù'Ú�ë
Û�eMR�à JBð ÛML;ÙÆK
Û�e�NPO/áìNbKyê;e�JBê�JBe
Û�NbJGO;cdÜÔÛ�J p rKs�t ]

{ }C��� c o fhg p rKs t�y c<� î �f
	
O¢JBe�o;Ù'eìÛ�Jþc�ßGJBNbo ÛML;Ù¸o;NÞßGÙ'e�áBÙ�O/Ú'ÙqJBð`ÛML/Ù¸ê�cde�Û�NÞÛ�NbJGOEð�R;O/Ú�Û�NbJGO�b�ced�f�]¬ÛML/ÙsÛ�Ù�àhê�Ù'eMc�ÛMR/eMÙ
à~R/K
Û�L;c�ßGÙÆÛML/ÙÆR;ê;ê�Ù'e%ÜbNPàhNÞÛ�Ú�cdÜbÜbÙ'o ^�cdáBÙ'o;JBe�OsÛ�Ù�àhê�Ù'eMc�ÛMR/eMÙ�d$�Æ]

d�� o 7�� (587!� d$� y c<� î �Rf
	
àhê;ÜbNbÚ�c�Û�NbJGO+JBð�ÛML/NbK6ð�cdÚ�Û¾NbK-ÛML;c�Û¾cdK6ÛML/ÙyÛ�Ù�àhê�Ù'eMc�ÛMR/eMÙ�cdê;ê;e�JGcdÚ�L/Ù'K6Û�JVÛML/Ù`R;ê;ê�Ù'e£ÜbNPàhNÞÛhd��Æ]
ÛML/Ù�Ù�O/Ù'e�ádÝâJBð�K
Û�e�NPO/átù�J��yK']/O/JdÛ¬NPO=Û�JìàhJGà+Ù�OGÛMR;à Q�R�Û¬NPOGÛ�J±JBK�Ú'NbÜbÜPc�Û�NbJGO/K4�`L/NbÚ�LâNbK%O/JdÛML/NPO/á
Q�R/Û%ÛML/ÙÆà+cdK�KMÙ'K']�cBO/o¸ÛML R/K%ÛML/ÙÆL;NbáGL/Ù'e�Ù�ã/Ú'NÞÛ�Ù'oTK
ÛMc�Û�Ù'K��yNÞÛMLqL;NbáGL/Ù'eyà+cdKMK�Ù'K�cde�ÙÆÚ'e�Ù�c�Û�Ù'o�î
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È �G�"¨Â��� � �;���d}'�M��}�É�â¨Þ�+�������v��Ê²��� }��d��� �
ÛML;c�Û�JBð�ÛML/ÙyK�e
Û�NPO/á�ÜbÙ�O/ádÛMLÄ587']�cBO/o~ÛML/Ù%Û�Ù�à+ê�Ù'eMc�ÛMR/e�Ù%à~R/K
Û£Q�Ù¾ÜbÙ'K�K-ÛML;cBOìÛML/Ù%^�cdáBÙ'o�JBeMOhJGO/Ùd���î�a�R/e
ÛML/Ù'e�àhJBe�Ùd]ÃcdKÆÛML/ÙìÛ�Ù�à+ê�Ù'eMc�ÛMR/e�Ùìcdê;ê;eMJGcdÚ�L/Ù'K~cdQ�JGR�Û�d$�V] ÛML;ÙhÚ'JBe�e�Ù'Ú�Û�NbJGOüÛ�JqÛML/Ù
õ�NPO/K
Û�Ù'NPO Ù'í R�c�Û�NbJGO3ðve�JGà ÛML/Ù~K
Û�eMNPO/á��ºK�L/NbáGL/Ù'ejJBe�o;Ù'ejÙ�Ë�Ù'Ú�Û�KÆQ�Ù'Ú'JGàhÙ'K�Q;NbáBáBÙ'eÆcBO/o3Q;NbáBáBÙ'e'î	
OTÛML/NbK��%c'ÝB]�ÛML/ÙìKMJBÜPR�Û�NbJGO Û�JsÛML/Ùìõ6NPO;K
Û�Ù'NPO3Ù'í R�c�Û�NbJGOþà+c�Ý O/JdÛ�o;Ù'K�Ú'eMNbQ»Ù±ÛML/Ù~Ú'JBÜbÜPcdê;KMÙhJBð
ÛML/ÙtR;O/NÞßGÙ'e�K�ÙdîÌ9Ù�Û6R/K£Ù�ã/ê;ÜPcdNPOìNPOhà+JBe�Ù¾o;Ù�ÛMcdNbÜ�ÛML/Ù�cdQ�J�ßGÙ�K�ÛMc�Û�Ù�àhÙ�O=Û'îh	CÛ-NbK-a�O/J��`O±ÛML;c�Û£ÛML/Ù%^jc��ya NPO/á
Û�Ù�à+ê»Ù'e�c�ÛMR/e�Ù�d �KÍ JBð9ÛML/ÙÆo;Ù±ï�NÞÛ
Û�Ù'eyÙ�ã/ê�cBO/o;NPO;áhR;O/NÞßGÙ'e�K�ÙVNbKyê;e�JBê�JBe
Û�NbJGO�cdÜ�Û�JhÛML/ÙÆ^jR/Q;Q�ÜbÙ
Ú'JGO/K�ÛMcBOGÛ'ú

d$��ÍÎgÐÏÑ�ÓÒÔ c¤Õ©fÔ c¤Õ©f y c<� î �~f
^�Ù'e�Ù Ô c¤Õ�f%o;Ù�O/JdÛ�Ù'K%ÛML/ÙVeMcdo;NPR/K%JBð ÛML/ÙÆR;O;NÞßGÙ'e�K�Ùdîza;eMJGà ÛML/NbK�ð�cdÚ�Û']�NÞÛyNbK�O;c�ÛMR/eMcdÜ�Û�JâcdK�KMR;à+Ù
ÛML;c�ÛyÛML/Ù'e�ÙÆKML;JGR/Übo¸Q�ÙÆcBOqR/ê;ê�Ù'e¾ÜbNPàhNÞÛyJBð9ÛML/ÙÆÙ�ã/ê�cBO/KMNbJGO¸eMc�Û�ÙÆJBð9ÛML/ÙVR;O;NÞßGÙ'e�K�Ùdú

ÒÔ c¤Õ©fÔ c¤Õ©f � o 7���d$� y c<� î "f
ûyL;Ù�O�]_ÛML;Ù±R;O;NÞßGÙ'e�K�ÙÖ�`NÞÛMLgÛML;ÙVÛ�Ù�à+ê»Ù'e�c�ÛMR/e�ÙtcdQ�JGR�Û`ÛML/Ù~R/ê;ê�Ù'eyÜbNPà+NÞÛ4d�� à+c�ÝqÙ�ã�ê�cBO;oTNPO
Û�NPà+Ù��yNÞÛMLqR/ê;ê�Ù'e%ÜbNPà+NÞÛ�eMc�Û�Ù o 7�]

ÒÔ c¤Õ�fÔ c¤Õ�f � o 7»��× Ô c¤Õ©f?g p�rMtSØHy c<� î�Ù f
K�JqÛML;c�ÛÆÛML/Ù+R�O/NÞßGÙ'e�K�ÙìÛMR;eMO/KÆJGR�ÛVÛ�JqÙ�ã�ê_cBO/oþÙ�ã/ê»JGO;Ù�OGÛ�NPcdÜbÜÞÝBîsäþÙâàâc'Ý3Ú�cdÜbÜ-ÛML/NbKtÜbNPàhNÞÛ�NPO/á
R;O;NÞßGÙ'e�K�Ù��yNÞÛML¢Ù�ã/ê»JGO;Ù�OGÛ�NPcdÜ%Ù�ã/ê�cBO/K�NbJGOÚ��^jcdáBÙ'o;JBeMO R;O/NÞßGÙ'e�K�Ù���î�Ì Ù�ÛhR/KìK�R;à+àâcde�Nbý'ÙhÛML/Ù
K�Ú'Ù�O�cde�NbJhK�Jhð�cde��`L;NbÚ�L¸NbK`ê;e�Ù'K�Ù�O=Û�Ù'oqNPOÛaÃNbá�î ( î

radius

SlT-dual

time
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û`L/Ù�O�]-cdK!�¬Ù²Û�eMcdÚ'ÙsQ�cdÚ�aþNPO5Û�NPàhÙd]ÃÛML/Ù²^�cdáBÙ'o;JBe�O R;O/NÞßGÙ'e�K�Ù²KML/eMNPO/a¥KtÙ�ã�ê�JGO/Ù�O=Û�NPcdÜbÜÞÝBî
ô¾R�ÛìNPO5ÛML/ÙsK
Û�e�NPO/á ÛML/Ù'JBe�ÝB]6ÛML/Ù'e�Ù²Ù�ã/NbK
Û�KìÛML/Ù¸àhNPO;NPà+cdÜ-ÜbÙ�O/ádÛMLä587�]6KMJTÛML�c�ÛhNPO5JGR;e±Ú�Ý�Ú'ÜbNbÚ
R;O;NÞßGÙ'e�K�Ùd]=ÛML;ÙyK�Nbý'Ù`Ú�cBO;O/JdÛ�Q�Ù�K�à+cdÜbÜbÙ'e-ÛML�cBOÄ587�îZ	�ð«�¾Ù�NPOGßGJBaBÙ�ÛML/Ùyð�R;O;o�cBàhÙ�O=ÛMcdÜ/ê;e�JBê�Ù'e
Û�NbÙ'K
JBð¾ÛML/ÙâK
Û�e�NPO/ágÛML/Ù'JBe
ÝB]-Ú�cdÜbÜbÙ'o¢û¾ë1o�R�cdÜbNÞÛ1ÝB]h�¾Ù²àâc'ÝøJBQ/ÛMcdNPO5ÛML;c�ÛVÛML;ÙâK�Nbý'Ù²JBð¾ÛML/Ù²R;O/NÞßGÙ'e�K�Ù�yNbÜbÜÔÙ�ã/ê�cBO/oqcdðvÛ�Ù'e�e�Ù�cdÚ�L/NPO/á~ÛML/ÙÆà+NPO/NPà+cdÜ»K�Nbý'ÙÖ5 7 îh	
O¸àhJBe�Ùjo;Ù�ÛMcdNbÜ�]�K�R/ê;ê�JBK�Ù`ÛML;c�Û%ÛML/Ù�K�Nbý'Ù
JBð ÛML/ÙÆR;O;NÞßGÙ'e�K�Ù�Ù�ßGJBÜÞßGÙ'KjÙ�ã�ê�JGO/Ù�O=Û�NPcdÜbÜÞÝ»ú

Ô c¤Õ©f?�Ð587 p r�tSØ y c�� î ( f
	�ðå�¾ÙÆNPà+ê»JBKMÙ`ÛML;Ù�û¾ë1o�R;cdÜbNÞÛCÝsJGO Ô c¤Õ©f¾NPOsÛML;Ù�ðvJBÜbÜbJ��yNPO/áâàâcBO;O/Ù'e'ú

Ô c¤Õ©fçæéè 5 é7Ô c¤Õ©fAê c�� î �f
ÛML/ÙtK�Nbý'ÙVJBðÃÛML;ÙtR;O/NÞßGÙ'eMK�Ùd]»cdðvÛ�Ù'eje�Ù�cdÚ�L/NPO;áhÛML/Ù±àhNPO/NPàâcdÜ�ßdcdÜPR/Ù!587�]_K
ÛMcde
Û�K`Û�JscdáGcdNPOTÙ�ã/ê�cBO/o
Ù�ã/ê�JGO/Ù�OGÛ�NPcdÜbÜÞÝÛ��L/Ù�O²Û�eMcdÚ'NPO/áhQ_cdÚMasNPO¸Û�NPà+Ùd]

Ô c¤Õ©f?� 5 é75P7 p r t Ø
�j587 p v*r t Ø y c�� î �Rf

ï�Ù'Ù�a Nbá�îM�~e�Ù'ê;e�Ù'KMÙ�OGÛ�NPO/áhÛML/Ù�Q�JGR;O/Ú'Ùdîa�e�JGà ÛML/ÙÆcdQ�J�ßGÙtcde�áGR;àhÙ�O=Û']��`L/Ù�OâÛ�eMcdÚ'NPO;áhQ�cdÚMa²ÛML/Ù�R;O;NÞßGÙ'e�K�Ù�NPO²ÛML/Ù�ê�cdK�Û�o;Nbe�Ù'Ú�Û�NbJGO
Q�Ù'ð�JBe�Ù�ÛML/ÙjQ;Nbá~Q�cBO/á~JBð JGR/e�R�O/NÞßGÙ'e�K�Ùd]/ÛML/Ù'eMÙ��%cdK¾ÛML/Ù�Q;Nbá~Ú'eMR�O/Ú�L²JGO/Ù�áBÙ�O/Ù'e�c�Û�NbJGO¸Q�Ù'ðvJBe�Ùdî	
OsÛML/NbK��%c'ÝB] �¬ÙVÚ�cBO¸o;Ù'ê;NbÚ�Û�ÛML;ÙÆÚ�Ý Ú'ÜbNbÚ±R;O/NÞßGÙ'e�KMÙÆcdK4aÃNbá�îK� î

radius

previous present
big crunch big bang 

time

2 generations 1 generation present universe 
before before Ü��Â��ÄRë�Äíì_���C�º�Å�ZJ9&��Â¿����\	��
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ò�J�� äþÙ¸cdo;eMÙ'K�KtJGR;e~c�Û
Û�Ù�O;K�NbJGO�Û�JgÛML;Ùsà+Ù'Ú�L;cBO;NbKMà L;J�� ÛML/Ù²Ù�OGÛ�e�JBê¥Ý5NbK~ê;eMJ¥o�R;Ú'Ù'o
c�Û~ÛML/Ù¸àhJGà+Ù�OGÛ±JBð�ÛML/ÙsQ;Nbá3Q�cBO;á cBO/o¢Q;Nbá3Ú'eMR�O/Ú�L�îÎ	
O5ÛML/Ùsê;e�Ù'K�Ù�O=ÛìR;O/NÞßGÙ'e�K�Ùd]z�¬Ù¸à+c�Ý
Ù'K
Û�NPàâc�Û�ÙVO R;àhÙ'e�NbÚ�cdÜ�ßBcdÜPR/ÙÆJBð9ÛML/ÙÆÙ�O=Û�e�JBê¥Ý¸áBNÞßGÙ�OqQ¥Ý

ó�ôõd ��ö y cU� î ( f
	
OþÛML;Ù²Q�Ù'áBNPO;O;NPO/ágJBð%ÛML;Ù²e�cdo;NPc�Û�NbJGO�o;JGàhNPO;c�Û�Ù'o¢Ù'eMc ]£ÛML;ÙâÛ�Ù�à+ê�Ù'eMc�ÛMR/e�ÙhNbKìáBNÞßGÙ�O¢Q¥ÝþÛML/Ù
JBe�o�Ù'e�JBð ÛML;ÙÆK
Û�e�NPO/áìKMÚ�cdÜbÙ o 7']�cBO;o¸ÛML/Ù�ßGJBÜPR;à+Ù (�9 � m 587�]

Û�Ù�àhê�Ù'eMc�ÛMR/e�Ùdú'dø÷ o 7z÷ (5P7�ê cU� î �f
ßGJBÜPR;àhÙdú ö ÷�c (�9 � m 5P7Nf � y cU� î �Rf

ûyL;Ù�O��¬ÙVàâc'ÝsÙ'K
Û�NPà+c�Û�ÙÆÛML/ÙÆê;e�Ù'KMÙ�OGÛ�Ù�O=Û�e�JBê¥Ý¸cdK
ó�÷�d � ö ÷jùéc (�9.ú m f y cU� î �~f

äþÙ��¾JGR/Übo¢ÜbNbaBÙâÛ�J3NPO=Û�Ù'e�ê;e�Ù�Û±ÛML/NbK±Û�e�Ù�à+Ù�O/o;JGR/K�ÜÞÝþQ�NbágßBcdÜPR/Ù²JBð%ÛML/Ù²Ù�OGÛ�e�JBê¥Ý5NbKìcdÚ�L/NbÙ�ßGÙ'o
ÛML/eMJGR/áGLücgK�Ù'e�NbÙ'K±JBð¾ÛML/Ù+Ù�O=Û�e�JBê¥Ýüê;e�J o�R/Ú�Û�NbJGO/KVQ=ÝþQ;NbáTQ�cBO/áBK±cBO/o5Q�NbágÚ'eMR;O;Ú�L/Ù'K'î¸	�ð��¬Ù
cdK�K�R;àhÙ¸ÛML�c�Û+ÛML/ÙTK�Nbý'ÙTJBðjÛML;Ùç��e�K�ÛâáBÙ�O/Ù'eMc�Û�NbJGOòR/NÞßGÙ'eMK�ÙgNbK²JBð�JBe�o;Ù'e²JBð ( ]�K
Û�e�NPO/á5K�Ú�cdÜbÙd]
K�NPà+NbÜPcde�ÜÞÝ²ÛML/ÙÆÙ�O=Û�e�JBê=Ý¸NbKycdÜbKMJhJBð ÛML/Ù�KMcBàhÙ�JBeMo;Ù'e'î	�Û±ÛMR/eMO/KtJGR�ÛtÛML�c�Û±ÛML;Ù+Q;Nbá Q�cBO/á3cBO/o�Q;NbáTÚ'e�R;O/Ú�L5Ú�cBO�Q�Ù+Ú'JGO/K�Nbo�Ù'e�Ù'o5NPO5ÛML/ÙâKMcBàhÙ
àâcBO;O/Ù'eÆcdK±ð�cde±cdKÆÛML/ÙâÙ�OGÛ�e�JBê¥Ýþê;e�J o�R/Ú�Û�NbJGOþNbKVÚ'JGO/Ú'Ù'eMO;Ù'oÔ] KMJ¸ÛML;c�Û��¾Ùâàâc'ÝøNPO=ßGÙ'K
Û�NbáGc�Û�Ù
ÛML/ÙVÙ�OGÛ�e�JBê¥Ý¸ê;e�J o�R/Ú�Û�NbJGOsð�JBe�Q;NbáhÚ'e�R;O/Ú�LÔîaÃNbe�K�Û-JBð»cdÜbÜ�]A�¬Ù�O/JdÛ�NbÚ'Ù�ÛML;c�Û-NPO±ÛML/Ù%eMcdo;NPc�Û�NbJGOho;JGàhNPO;c�Û�Ù'oìÙ'e�c ]GÛML/Ù%eMcdo;NPc�Û�NbJGOâcdo;NPcdQ�c�Û�ë
NbÚ�cdÜbÜÞÝ±Ú�L;cBO/áBÙ'K£NPOtÛ�NPà+Ùd]BcBO;oVÛML R/K ÛML/Ù'e�Ù¬NbK£O/JyÙ�O=Û�e�JBê¥Ýtê;e�J o�R/Ú�Û�NbJGOÔî9å�ÜbK�JjNPOÆÛML/Ù¬^jcdáBÙ'o;JBeMO
Ù'eMc ] K�NPO/Ú'Ù%ÛML;ÙyR;O/NÞßGÙ'e�KMÙ%NbK?��ÜbÜbÙ'ohQ¥Ý~ÛML/ÙyL/NbáGL;ÜÞÝ±Ù�ã/Ú'NÞÛ�Ù'oâK�Û�e�NPO/áBKh�yNÞÛMLhÙ�ã Û�e�Ù�à+Ù'ÜÞÝhL/NbáGLìo;Ù�O ë
K�NÞÛCÝB]�ÛML/ÙìÙ�ã/ê�cBO/K�NbJGO eMc�Û�ÙìNbK�JBð6ÛML/ÙìJBe�o;Ù'ejJBð�K
Û�e�NPO/ásK�Ú�cdÜbÙ o 7�]$�`L/NbÜbÙ±ÛML/Ù~Ù�O/Ù'e�ádÝ3o;Ù�O/K�NÞÛCÝ
NbKÆÙ�O;JBeMàhJGR/KMÜÞÝTQ;Nbá¸Ú'JGà+ê�cde�Ù'o Û�J o 7'] cBO/o3ÛML¥R;KjÛML/ÙhÚ�L�cBO/áBÙìQ�Ù'Ú'JGàhÙ'KVcdo;NPcdQ_c�Û�NbÚdîéa;e�JGà
ÛML/NbK�Ú'JGO/K�Nbo;Ù'e�c�Û�NbJGO�]¥ÛML;Ù%Ù�OGÛ�e�JBê¥ÝhÚ�cBOhJGO;ÜÞÝ~NPO;Ú'e�Ù�cdK�Ù��`L;Ù�O~ÛML/ÙyR;O;NÞßGÙ'e�K�Ù%Û�eMcBO;K�NÞÛ�K-ð�e�JGà ÛML/Ù
eMcdo�NPc�Û�NbJGOøo;JGàhNPO�c�Û�Ù'o Ù'e�csNPOGÛ�JsÛML/Ùì^jcdáBÙ'o;JBeMO3Ù'e�c î±ûyL;ÙtÛ�e�cBO/K�NÞÛ�NbJGOøNbK�e�Ù�cdÜbNbý'Ù'oüÛML/e�JGR/áGL
ÛML/ÙVK
Û�e�NPO/áìK�Ú�c�Û
Û�Ù'eMNPO/á�]_N�îºÙdî�ÛML/ÙÆà+cdK�KMÜbÙ'K�K�ê�cde
Û�NbÚ'ÜbÙ'K`NPOGÛ�J+ÛML/ÙÆà+cdKMK�NÞßGÙÆJGO/Ù'K'î

massivemassless

SgSg

particles particlesÜ��Â��Ä.û�ÄÛü���	�	��Â¿��-#d���������C�Â�-#�����¼"!d�C���Â��&`�Þ����$ �\���Ã$���	�	�����	�	 ��&��
	�	��������\�����Â&��



Ù µW[]\t�=ª��d�
�"�K\�[Þ¡~�d·6�d���B� ^`_6[Þ¯����_�d�~���G�
	
OTÛML/NbK�Ù'eMc ]�K�NPO/Ú'Ù±ÛML/ÙìR;O;NÞßGÙ'e�K�Ù~KML/e�NPO;a¥K�Ù�ã�ê�JGO/Ù�O=Û�NPcdÜbÜÞÝB]å�¾Ùìà+c�Ý cdK�KMR�àhÙÆÛML;ÙtÛ�e�cBO/K�NÞÛ�NbJGO
JBe�eMÙ'ÜPc�ã/c�Û�NbJGOgÛ�NPàhÙÆcdKyÛML/ÙÆJBe�o;Ù'eyJBðW5P7K÷ø�5P7�îý�R/eMNPO/á~ÛML/NbKyê�Ù'e�NbJ oÔ]/ÛML/Ù�Ù�O=Û�e�JBê¥Ýqê;e�J o�R/Ú'Ù'o¸NbK�Ù'K�Û�NPà+c�Û�Ù'oTcdK`ðvJBÜbÜbJ��yK'î%ï/R/ê;ê�JBK�Ù�ÛML;c�Û
ÛML/ÙV^�cBà+NbÜÞÛ�JGO/NPcBO¸ð�JBeychàhJ o;Ù��yNÞÛMLsÛML;ÙÆJBK�Ú'NbÜbÜPc�Û�NbJGO»þENbK�áBNÞßGÙ�OTQ=Ý²ÛML/Ù�ð�JBÜbÜbJ��yNPO/á`Ï�ÿ�]

Ï�ÿ��õþ�� (��� é�� (��� é	� y cU� î "f
�`L;NbÚ�L�NbKìO/JdÛML/NPO/á Q�R�ÛtÛML;c�ÛìJBð%ÛML/Ù¸L;cdeMà+JGO/NbÚ+JBK�Ú'NbÜbÜPc�Û�JBe�îüûyL/ÙâÙ�O/Ù'e�ádÝ5JBð�ÛML/NbKìàhJ o;Ù+NbK
Nbo;Ù�O=Û�N]��Ù'oâÛ�JVÛML;ÙyÛ�Ù�à+ê»Ù'e�c�ÛMR/e�Ù o 7¬Q�Ù'Ú�cBR/K�Ù`JBð�ÛML/Ù`Ù'í�R/Nbê�cde�Û�NÞÛ�NbJGOâÜPc��Æî-ûyL R/K�ÛML/ÙyÙ�O=Û�e�JBê¥Ý
NbK�JBQ;ÛMcdNPO/Ù'ogQ¥Ý²o�Ù�ß Nbo;NPO;áìQ=Ýç��
øÛML/ÙVcdeMÙ�cìJBð ÛML;ÙÆÙ'ÜbÜbNbê;K�Ù��`NÞÛMLsÛML/Ù�Ù�O/Ù'e�ádÝ¸ÜbJ��¬Ù'eyÛML;cBO o 7
NPO�ÛML/Ùsê�L�cdK�ÙsK�ê�cdÚ'Ùd]�cBO/o¢ÛML;Ù�O�ÛMcda¥NPO/á3ÜbJBáGcde�NÞÛML�à¸î
	�ð��¾ÙqcdK�KMR;à+Ù+ÛML�c�Û±ÛML;Ù²JBKMÚ'NbÜbÜPc�Û�NbJGO
O R;à±Q�Ù'e6NbK%cdÜbK�J~Ú�R�Û¾Q=Ýâc±à+c�ã/NPà+cdÜ�ßdcdÜPR;Ù o 7 ] ÛML;Ù�c�ßGÙ'eMcdáBÙ�Ù�OGÛ�eMJBê=Ý²JBð�Ù�cdÚ�L¸à+J¥o;Ù�ó�����������
NbK�JBQ;ÛMcdNPO/Ù'oÔ]

ó�����������K� i ÿ�� r t n � þc<��
åf � ÜbJBá�� o 7þ��
i ÿ�� r t n �Dþc<��
åf � ( � (� y cU� î Ù f

SS l3~ SS l3~

radius

relaxation relaxation
time

l
time

l

time

radiation Hagedorn state radiation

dominated dominated

Ü��Â�"ÄAE�Äs�/��������¼�	Ô���;��&'�\����#'��Ám#�����¼"!d�C���Â��&
ò�Ù�ã�Û']��¾ÙqÙ'K
Û�NPàâc�Û�Ù¸ÛML/Ù¸Ú�L;cBO/áBÙgJBð`ÛML/Ù¸Ù�O=Û�e�JBê¥Ý¢JBðjÙ�cdÚ�L àhJ o;Ùd]K�`L/Ù�O�ÛML/ÙqKMNbý'ÙqJBð

ÛML/ÙtR;O/NÞßGÙ'e�K�ÙÆßdcde�NbÙ'K�îz	
O¸ð�cdÚ�Û']_o�R/e�NPO/á~ÛML;ÙÆe�Ù'ÜPc�ã;c�Û�NbJGOqÛ�NPà+Ù! qJBð ÛML/ÙÆK�Ú�c�Û
Û�Ù'e�NPO;á+Ù'í�R;cdÜbK�Û�J5P7K÷ø�5P7�]/ÛML/ÙtR;O/NÞßGÙ'e�K�Ù�áBÙ�Û�K`KMà+cdÜbÜbÙ'eyQ=Ý¸cìð�cdÚ�Û�JBe#"G]
"�� p2v*r t%$ y cU� î�& f
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ò�J��Æ]/KMR;ê;ê�JBK�Ù%ÛML;c�Û¾ÛML/Ù`Ú�L;cBO/áBÙjJBðÔÛML;Ù`K�Nbý'Ù�JBðÔÛML/ÙjR;O/NÞßGÙ'eMK�ÙyNbK%à~R/Ú�L+K�ÜbJ��¾Ù'e¾ÛML;cBO+ÛML;c�Û%JBð
ÛML/ÙVJBK�Ú'NbÜbÜPc�Û�NbJGO�]�Ù�cdÚ�Lgà+J¥o�Ù��yNbÜbÜ�cdo;NPcdQ�c�Û�NbÚ�cdÜbÜÞÝgo�Ù�ßGÙ'ÜbJBêTNPOsÛ�NPà+Ùd]�cBO/o¸ÛML R/K%ÛML/ÙVÙ'ÜbÜbNbê;K�ÙÆNPO
ÛML/ÙVê�L;cdK�Ù�K�ê_cdÚ'ÙÆÚ�L;cBO;áBÙ'KyQ¥Ý²aBÙ'Ù'ê;NPO;áhNÞÛ�K`cde�Ù�c î
å�K~NbK±o�Ù'ê;NbÚ�Û�Ù'o¢NPO
aÃNbá�î Ù ]-ÛML/Ù²Ú�L;cBO;áBÙ²NbK±áBNÞßGÙ�O¢Q¥Ý5à~R/ÜÞÛ�Nbê;ÜÞÝ�NPO/á ç7 NPO�íGëCc�ã/NbK~o;Nbe�Ù'Ú�Û�NbJGO
cBO/o'"�NPOsê�ëCc�ã�NbKyo;Nbe�Ù'Ú�Û�NbJGO�];K�J~ÛML�c�Û¬ÛML;ÙÆcde�Ù�c~NbK�R;O/Ú�L;cBO/áBÙ'oqcBO/osÛML R/K¬ÛML/Ù�Ù�O=Û�e�JBê=ÝsNbK�cdÜbK�J
R;O;Ú�L;cBO/áBÙ'o�îK	
O¸KMR;àâà+cde
ÝB]�ÛML/ÙVÙ�OGÛ�e�JBê¥ÝB]ÔcdðmÛ�Ù'eyÛML/NbK`cdo;NPcdQ_c�Û�NbÚtÙ�ßGJBÜPR�Û�NbJGOÔ]$ó�(*)	+,(*�-(/.�+10�aBÙ'Ù'ê;K
NÞÛ�KyßdcdÜPR/Ùdî

ó2(*)3+,(*�-(/.�+10M�jó�����������K� (� cU� î�4 f
^�J��¾Ù�ßGÙ'e'];NPO²e�Ù�cdÜbNÞÛCÝB]/ÛML/Ù`Ú�L;cBO/áBÙjJBð�ÛML/Ù�K�Nbý'Ù�JBðÔÛML/ÙjR;O/NÞßGÙ'e�K�Ù`J¥Ú'Ú�R;e�K6ßGÙ'e�Ý+eMcdê;Nbo;ÜÞÝB]/K�J

ÛML;c�Û']9Q»Ù'ð�JBe�Ù±Ù�cdÚ�Lþà+J¥o�Ùto;Ù�ßGÙ'ÜbJBê�K�NPO Û�NPàhÙd]ÔÛML/Ù~K�Nbý'ÙìJBð6ÛML/ÙìR;O/NÞßGÙ'e�K�Ù~áBÙ�ÛVà~R/ÜÞÛ�Nbê;ÜbNbÙ'o3Q¥Ý
ÛML/Ù~ð�cdÚ�Û�JBe5"GîÆûyL¥R;K']�cdK�NbK�KML/J���OTNPO0aÃNbá�î & ]ÔÛML;Ù±Ù�O;Ù'e�ádÝgù_R;Ú�ÛMR;c�Û�Ù'K�Q�Ù�Û<�¾Ù'Ù�O6""é±cBO/o ç7/7
à~R/ÜÞÛ�Nbê;ÜbNbÚ�c�Û�NbJGO;K'î

qq

s

s
1

 times 

����
adiabatic
evolution

equal  area  times Ü����"ÄRL"Ä = ¼"���MÀd�M����� ��¿����Â!����Â��&
ûyL;Ù'e�Ù'ðvJBeMÙd]`ÛML/Ùþàâc�ã�NPàâcdÜ�ßdcdÜPR/ÙøJBðtÛML/Ùþcde�Ù�cEJBðtÙ'í�R/NÅë1Ù�O/Ù'e�ádÝòKMR/eMð�cdÚ'ÙøNbK ç7/7 Û�NPàhÙ'K¸ÛML/Ù
JBe�NbáBNPO�cdÜ9cde�Ù�c ]ÔcBO/oÛ�¾ÙVáGcdNPOgÛML/ÙÆÙ�O=Û�e�JBê¥ÝgO/JGO ëCcdo;NPcdQ�c�Û�NbÚ�cdÜbÜÞÝTQ=ÝsÛMcda NPO/áhÛML/ÙtÜbJBáGcde�NÞÛML;à JBð
ç7/7 ]

ó } � }38 (*)3+,(*�-(/.�+10M�jó����������� � ÜbJBá9" v é � (� � ÜbJBá«c p v*rMt $ f v é � (� � � o 7: y cU� î�; f
a;eMJGà ÛML/NbK¸Ú�cdÜbÚ�R/ÜPc�Û�NbJGOÔ]��¾Ùþà+c'ÝòKMc�Ý ÛML;c�ÛTÙ�cdÚ�L à+J¥o�Ù ê�e�J¥o_R/Ú'Ù'K²ÛML/ÙøÙ�OGÛ�eMJBê=Ý?Q¥ÝòcBO
cBà+JGR;OGÛ±JBð�� o 7: �î3ûyL;c�Û~NbK±Û�JTK�c'ÝB]6ð�JBe±ÛML/Ù+Q;Nbá Ú'eMR;O;Ú�L�]£ÛML/Ù²Ù�O=Û�e�JBê=Ý5NbK~à~R/ÜÞÛ�Nbê�ÜbNbÙ'o5Q¥Ý
( � Ù o 7  sÛ�JhQ�Ù'Ú'JGàhÙd]

ó } � }38 (*)	+,(*�-(/.�+10ó�(*)	+,(*�-(/.�+10 � ç� � � o 7: 
ç� � ( � Ù o 7  y cU� î (�9 f

ô�ÝqR/K�NPO/á~ÛML;Ù�e�Ù'ÜPc�ã/cdNbJGOgÛ�NPàhÙ! ¸NbK�cdQ�JGR�Û4587�÷ø�587�]*�¬Ùtà+c'Ýse�Ù��yeMNÞÛ�ÙjÛML/NbK�eMc�Û�NbJ²cdK
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ó } � }38 (*)3+,(*�-(/.�+10ó�(*)	+,(*�	(/.�+10 � & ÷j� 9 y cU� î (B( f

ûyL R/KZ�¾Ù�Ú'JGO/Ú'ÜPR/o�Ù¾ÛML;c�Û-ÛML/Ù%Ù�O=Û�e�JBê¥Ý~NbK¬à~R/ÜÞÛ�Nbê;ÜbNbÙ'ohcdQ�JGR�Û & ÷j� 9 Û�NPàhÙ'K-Ú'JGà+ê�cde�Ù'o~Û�J�ÛML/Ù
cdo;NPcdQ_c�Û�NbÚ`Ù�ßGJBÜPR�Û�NbJGOÔî¬ï�NPO/Ú'Ù4�¬Ù`Ú'JGO/K�Nbo;Ù'e�ÛML;c�Û6ÛML;ÙyÙ�O=Û�e�JBê=ÝhNPO;Ú'e�Ù�cdK�Ù'K¬NPOhÛML/NbK¬àhÙ'Ú�L;cBO/NbKMàq]
JGR/eyê;e�Ù'K�Ù�O=ÛyR;O/NÞßGÙ'e�KMÙVL;cdK%ÛML/Ù�Ù�O=Û�e�JBê¥Ý
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